OBJECTIVE-Functional cobalamin (Cbl) deficiency (i.e., high methylmalonic acid [MMA] values despite normal serum Cbl levels) is common in the elderly and associated with neuropathy and anemia. Because diabetes is also common in the elderly and diabetic neuropathy resembles that of Cbl deficiency, the role of diabetes in functional Cbl deficiency was explored.
C obalamin (Cbl) deficiency is common in elderly subjects who may have nonspecific neurologic complaints or appear clinically normal (1) . Elevated levels of the Cbl-dependent metabolites, methylmalonic acid (MMA) and total homocysteine (tHcy), in asymptomatic patients with low or low-normal serum Cbl levels have been termed "subtle" or "preclinical" Cbl deficiency, suggesting a continuum of Cbl depletion beginning with decreased vitamin stores leading then to metabolite accumulation and, finally, to clinical disease (2) . However, 7-30% of diverse elderly populations have "functional" Cbl deficiency, defined by elevated metabolite values despite Cbl levels well within the normal reference range, and this disorder has been linked to decreased cognitive function, anemia, and neuropathy (3) (4) (5) (6) (7) (8) (9) .
Functional Cbl deficiency might also result from a disorder common in the elderly. Diabetes is a particularly attractive candidate in this regard because it is associated with sensory and autonomic neuropathies similar to those seen in Cbl deficiency. Moreover, increased tHcy levels have been linked to diabetic neuropathy, and pharmacologic doses of Cbl alone or combined with other vitamins may improve peripheral and autonomic nerve function in diabetic humans (3, 10) .
More recently, a 10-year retrospective review of symptomatic ambulatory subjects evaluated for Cbl deficiency found 9 of the 30 patients who had neurologic improvement with Cbl therapy had diabetes (30%) and 8 of these 9 individuals (88%) had functional Cbl deficiency (11) . Thus, the roles of diabetes and patient age in functional Cbl deficiency were evaluated in the total population (both symptomatic and asymptomatic) screened during this period and in the 2 years following.
RESEARCH DESIGN AND METHODS

Laboratory methods
Because tHcy levels increase in many settings, MMA was used as a more specific index of Cbl deficiency (3) . Serum Cbl and MMA were measured as previously described (normal reference ranges: 200-1,100 pg/mL and 90-250 nmol/L, respectively) (11) . When MMA and Cbl were measured on more than one occasion within a 4-week period without a change in treatment, the average values were used for analysis. Functional Cbl deficiency was defined as MMA levels .250 nmol/L when serum Cbl values were .400 pg/mL.
Patients
A retrospective review of the medical records of all ambulatory communitydwelling patients evaluated for Cbl deficiency between 1 August 1993 and 30 June 2005 was conducted as previously described (11) . In a preliminary analysis of nondiabetic subjects with Cbl values .400 pg/mL, the geometric mean MMA value in subjects aged ,60 years (173 pg/mL) was similar to that in those aged 60-69 years (187 pg/mL) but was significantly lower than that in subjects at least 70 years old (225 pg/mL; P , 0.002). Thus, subjects were divided into those aged ,70 years and those at least 70 years old. Because MMA values increase in renal insufficiency, individuals with serum creatinine values .1.4 mg/dL were excluded from analysis (3) . For a brief period, normal MMA values were reported as "less than 400 nmol/L" and these patients were also excluded from analysis (n = 19).
Concurrent Cbl and MMA values were obtained in 370 individuals on 432 occasions, including 47 individuals with type 2 diabetes evaluated on 59 occasions. Fifty-four patients who were not receiving Cbl therapy were evaluated on more than one occasion at least 1 year apart. Patients were considered to have diabetes if they were receiving treatment with hypoglycemic agents or if they had a fasting blood glucose level .125 mg/dL or an HbA 1c level .6.4%.
Treatments of diabetic patients included diet alone in 14 (30%), insulin in 11 (23%), a sulfonylurea in 15 (32%), a thiazolidinedione in 4 (9%), and metformin in 9 (19%), with more than one agent used in 6 subjects (13%). This study conforms to the principles of the Declaration of Helsinki of 1975 as revised in 2008, and the institutional human investigation committee determined that further review was not required.
Cbl treatment
Patients were treated with cyanocobalamin 2 mg/day orally or 1 mg i.m. three times a week for 2 weeks, weekly for 8 weeks, and monthly thereafter, and were reevaluated within 1 to 3 months. Based on the intraindividual variability of metabolite levels in this population, decreases of MMA were considered significant if they were .116 nmol/L (i.e., .1 SD above the mean intraindividual variability of MMA) or between 64 and 116 nmol/L (i.e., between the mean and 1 SD above the mean intraindividual variability of MMA) to a value of ,251 nmol/L (11). Neurologic improvement was considered to be significant if paresthesias completely resolved, observed ataxic gait became normal, and/or vibratory sensation that was completely absent at least in the ankles before therapy became easily detectable within 6 months of treatment.
Statistical methods
Population studies suggest skewed distributions for Cbl, MMA, and creatinine (12) . Thus, geometric means, two-tailed Student t tests using log-transformed data, x 2 values, and Spearman correlation coefficients were determined using StatPlus:mac 5.7 software (AnalystSoft, Vancouver, BC, Canada). Diabetic subjects with Cbl levels .400 pg/mL had higher mean MMA values than nondiabetic subjects in both age-groups, and this difference was statistically significant in the older population (Table 1) . However, mean values for Cbl and creatinine were not significantly different in diabetic and nondiabetic subjects of comparable age. Functional Cbl deficiency was present in 8 of 11 older diabetic subjects (73%) compared with 19 of 47 older nondiabetic subjects (40%; P , 0.05).
RESULTS
Effects
Determinants of MMA in diabetic and nondiabetic subjects Age was a significant determinant of MMA in both diabetic and nondiabetic populations ( Table 2) . The relationship between age and MMA was particularly strong when Cbl levels exceeded 400 pg/mL (diabetes: r = +0.52, P , 0.006, n = 28; nondiabetes: r = +0.30, P , 0.001, n = 120). Cbl was a significant determinant of MMA only in nondiabetic subjects, but creatinine was not a significant determinant of MMA in either population.
Effect of Cbl therapy on MMA values
MMA responses to Cbl therapy were evaluable in 24 of 29 diabetic patients (83%) and in 110 of 173 nondiabetic patients (64%) with MMA values .250 nmol/L. Of these 134 patients, 77 received parenteral therapy (57%). Metabolic responses to Cbl therapy occurred in 115 of 134 patients (86%) overall (Table 3) . MMA values fell into the normal range in 110 patients (81%). The response rate was not affected by diabetes status, patient age, or serum Cbl level (Table 3 ).
An additional eight diabetic subjects with renal insufficiency and high MMA values, despite normal serum Cbl levels, received Cbl therapy, including seven with creatinine values of 1.7 to 2.3 mg/dL and one individual receiving chronic hemodialysis with a creatinine value of 9.4 mg/dL. MMA values decreased significantly in five patients (63%) and returned to a normal value in three (38%; data not shown).
Neuropathy in diabetic subjects and the effects of Cbl therapy Of the 47 diabetic subjects, 17 had no neurologic findings, 15 had neuropathy that was unexplained except for the presence of diabetes, and 15 had neuropathy that was possibly multifactorial. When the latter group was excluded from analysis, 21 of the remaining 32 patients had high MMA values (63%), and 13 of these patients had neuropathy (62%). In contrast, only 2 of the 11 patients (18%) with normal MMA values had neurologic signs or symptoms (P , 0.02).
At least 3 months of Cbl treatment was given to 14 diabetic subjects with neuropathy and increased MMA values, and significant responses were noted in 9 of 10 subjects (90%) with otherwise unexplained neuropathy and in 3 of 4 (75%) with multifactorial neuropathy, for an overall response rate of 86% (Table 4) . Pretreatment Cbl levels were within the normal range in all 14 subjects and were .400 pg/mL in 9 subjects, including 8 of the 12 responders (75%). One evaluable subject with neuropathy received metformin (patient 13, Table 4 ).
CONCLUSIONS-Despite associations of high tHCy values with diabetic neuropathy and reports of clinical responses of diabetic neuropathy to Cbl therapy, the role of diabetes as a possible cause of functional Cbl deficiency has not been evaluated (3, 13) . Indeed, only three studies have reported MMA values in diabetic subjects, and these were limited by the lack of an age-matched control group, the presence of renal failure, or a focus on frank diet-related Cbl deficiency (3, 13) .
The current study confirms the association between age and functional Cbl deficiency in nondiabetic subjects and extends this observation to the diabetic population (Tables 1 and 2 ). Moreover, elderly diabetic patients with Cbl values .400 pg/mL had higher mean MMA values than both younger diabetic individuals and elderly nondiabetic individuals, suggesting an additive effect of diabetes and age on the risk of functional Cbl deficiency (Table 1) . Differences between individuals with and without diabetes were not explained by differences in Cbl, age, or creatinine level, and pharmacologic doses of Cbl consistently decreased MMA values in all groups (Tables 1 and 3) .
The clinical significance of functional Cbl deficiency is controversial. Associations with cognitive dysfunction, anemia, and neuropathy have been reported, and clinical responses to Cbl therapy have been noted (3, 6, 11, 14) . In contrast, clinical responses were not seen in six therapeutic trials (3, (15) (16) (17) . The current study indeed suggests that functional Cbl deficiency in diabetic subjects is clinically significant because neuropathy was more common when MMA values were high, and Cbl therapy improved neuropathy in 86% of evaluable patients (Table 4) . Similar neurologic responses to Cbl therapy in diabetic subjects have been previously reported, but measures of Cbl and MMA were not obtained (3, 10) .
The mechanism of functional Cbl deficiency in diabetes and aging is unknown. Interestingly, functional Cbl deficiency in some inborn errors of Cbl metabolism results from the impaired reduction of Cbl from the Co III transport form to the active Co I or Co II coenzyme states, and correction of metabolic and clinical abnormalities in these disorders requires extremely high doses of parenteral Cbl (18) . Moreover, Cbl is particularly susceptible to oxidation, and enzymatic reduction is also required for the decyanation of therapeutic cyanoCo III Cbl (19) (20) (21) .
Because aging and diabetes are both associated with increased oxidative stress, a role for oxidative stress in the pathogenesis of functional Cbl deficiency and for the requirement of pharmacologic doses of Cbl in this setting is proposed (Fig. 1 ) (22) (23) (24) . This hypothesis also implies that treatment with a reduced form of Cbl (e.g., methylcobalamin) may have an advantage over the oxidized forms of Cbl that are usually administered (i.e., cyanocobalamin and hydroxycobalamin). Indeed, high doses of methylcobalamin have been reported to improve diabetic neuropathy, but the relationship of these responses to functional Cbl deficiency has not been studied (3, 25) . Diabetes was the only apparent cause for neuropathy in patients 1-10, whereas other causes for neuropathy were present in patients 11-14. Patients 8 and 13 were treated with cyanocobalamin orally, and the other 12 subjects received intramuscular cyanocobalamin as described in the RESEARCH DESIGN AND METHODS. F, female; M, male; NA, not applicable because of normal pretherapy findings; ND, not tested; Rx, pharmacologic therapy. *Orthostatic hypotension also resolved. †Vibration sensation returned to the ankles in patients 2, 6, 12, and 13; to both the knees and ankles in patients 5, 7, and 11; and to the hips, knees, and ankles in patient 1. ‡Restless legs also resolved. §Light touch sensation also returned to the legs.
This study is the first to report MMA values in diabetic subjects with normal Cbl levels and provide information on the Cbl responsiveness of neuropathy in relation to the presence of functional Cbl deficiency. Future studies of larger numbers of subjects with randomized, placebo-controlled trials of Cbl therapy are required to confirm and extend these observations.
